We established a new plant defense response assay using a transient expression system in rice protoplasts. The assay system sensitively detected defense induction by flagellin, which had previously been assigned to a specific elicitor. Our assay system provides a rapid and efficient way to dissect rice defense mechanisms.
The ability of plants to defend themselves against plant pathogens depends upon sensitive perception mechanisms that recognize microbial molecules. We have reported that a main bacterial flagella protein, flagellin, purified from the rice-incompatible strain N1141 of plant pathogen Acidovorax avenae, induced several defense responses in suspension-cultured rice cells, but flagellin purified from the rice-compatible strain K1 showed no such induction. 1, 2) These results indicate that recognition of flagellin causes the defense responses and is partially involved in determining host specificity in rice. Therefore, analysis of the flagellin perception system and the downstream signaling pathways is important to advance our understanding of rice defense mechanisms.
Rice genomic sequencing and microarray analysis imply that numerous gene products are involved in rice defense responses. 3, 4) To dissect gene functions in rice defense responses, transformation experiments involving the overexpression or suppression of genes of interest are useful. Although an Agrobacterium-mediated stable transformation method has frequently been used in rice, it requires tedious handling and is very time-consuming. In contrast, a transient expression system would yield more rapid progress towards understanding gene function. Several transient transformation methods have been established in certain plant species. Polyethylene glycol (PEG)-mediated transient transformation does not require a specific device and is comparatively simple, 5) but no useful transient assay system using rice protoplasts derived from suspensioncultured cells has been established. Hence we have attempted to develop an efficient PEG-mediated transient transformation system using rice protoplasts and an effective luciferase-based reporter system for the analysis of defense-related genes.
Rice protoplasts were isolated according to a previously described protocol, 6) with several modifications. A suspension-cultured rice cell line, Oc, 7) was digested in an enzyme solution containing 1.0% (w/v) cellulase ''Onozuka'' RS (Yakult, Tokyo), 0.5% (w/v) macerozyme R10 (Yakult), 0.1% (w/v) pectolyase Y23 (Kyowa Chemical Products, Osaka, Japan), 0.6 M mannitol, 5 mM MES-KOH (pH 5.7), 10 mM CaCl 2 , and 0.1% (w/v) BSA (bovine serum albumin) at 30 C for 2-3 h without shaking. Protoplasts were separated from undigested cell clumps by filtration using a 100-mm cell strainer, and collected by centrifugation at 80 Â g for 3 min at room temperature. The protoplasts were gently resuspended and washed twice in KMC solution (117 mM KCl, 82 mM MgCl 2 , and 85 mM CaCl 2 ). The protoplast concentration was quantified using a hemocytometer and a light microscope. Almost all the protoplasts were observed in their usual healthy and round shape.
Next we attempted efficient transient transformation of rice protoplasts by a PEG-mediated method according to a previously described protocol, 6) with several modifications. Before PEG-mediated transformation, the protoplasts were centrifuged and resuspended at 2 Â 10 After incubation for 10 min at room temperature, the protoplasts were diluted with 0.8 ml of KMC solution and centrifuged at 80 Â g for 3 min at room temperature. After the supernatant was removed, the protoplasts were suspended in 0.2 ml KMC solution and incubated for 16 h at 30 C before assay. The transformation efficiency was estimated to be approximately 40% as assayed by green fluorescent protein (GFP) using a CaMV (cauliflower mosaic virus) 35S promoter-driven GFP expression vector (data not shown). This efficiency is sufficient for a transient expression assay, because luciferase is very sensitive and rice contains no endogenous activity.
To determine whether the isolated protoplasts retained the ability to recognize flagellin and express defenserelated genes, the expression patterns of previously isolated flagellin-inducible genes, OsWRKY70 (unpublished results), Cht-1, 2) and PBZ1, 2) were examined. Suspension-cultured rice cells and protoplasts were treated with 500 nM flagellin purified from the A. avenae N1141 strain and harvested 6 h after treatment. Total RNAs were isolated and used for quantitative mRNA measurements of the flagellin-inducible genes by realtime RT-PCR (reverse transcription-polymerase chain reaction). As shown in Table 1 , expression of these genes was induced by N1141 flagellin in protoplasts as well as in suspension-cultured cells. These results indicate that rice protoplasts retain the machinery required to recognize flagellin and transduce signals to induce these genes. However, the expression levels of Cht-1 and PBZ1 increased 364.5-and 82.9-fold after protoplast isolation respectively ( Table 1 ), indicating that the induction of these two genes was controlled not only by the perception of flagellin, but also by physical and chemical wounding by cell wall-degrading enzymes. Such a dual response might make it difficult to construct a transient defense response assay due to an elevated background level of the reporter gene. Hence we decided to use the promoter from OsWRKY70 as a reporter construct. A 1,949 base DNA fragment immediately upstream of the translation start site of the OsWRKY70 gene was amplified by PCR from rice genomic DNA using forward primer (5 0 -CACGAAGC-TTGTTATACAAGTCTCACCTC, where AAGCTT represents the HindIII site) and reverse primer (5 0 -GG-CGGTCATGAGAGACGGAGGAGAAGAAG, where TCATGA represents the BspHI site). The PCR product was digested with HindIII and BspHI and then ligated into the HindIII-NcoI site of pPluc 8) to generate a firefly (Photinus pyralis) luciferase (luc+; Promega, Madison, WI) reporter plasmid, pOsWRKY70-luc.
We analyzed OsWRKY70-luc activity in the transiently transformed protoplasts following flagellin treatment. Rice protoplasts transformed with pOsWRKY70-luc and a CaMV 35S promoter-driven sea pansy (Renilla reniformis) luciferase (hRluc; Promega) vector, phRluc, 8) were treated with flagellin purified from the N1141 and K1 strains and assayed in a dual luciferase assay, which is easy to measure and works with a smaller number of protoplasts and a smaller amount of plasmid and elicitor than other reporter systems. As shown in Fig. 1 , the reporter luciferase activity increased 4-fold after N1141 flagellin treatment, whereas no change was apparent following K1 flagellin treatment. This result indicates that the specificity between N1141 and K1 elicitor activity in rice is retained in rice protoplast. We also found that expression of OsWRKY70 was also induced by other types of elicitors, such as chitin oligosaccharide (data not shown). Next we examined whether OsWRKY70-luc reporter activity was also enhanced by chitin oligosaccharide in our transient reporter assay. As shown in Fig. 1 , the reporter luciferase activity increased after treatment with chitin oligosaccharide, indicating that our transient reporter assay can also be applied to other elicitor-inducible defense systems.
Next we tested a sample application of this transient Real-time PCR was performed using an ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA) using a QuantiTect SYBR Green RT-PCR kit (QIAGEN, Hilden, Germany) with the following gene-specific primers: OsWRKY70 (accession no. AK119867) forward, 5
0 -GTTTCATTTGTTTCG-GAGGCC-3 0 ; and reverse, 5 0 -TTCTCCCTATACGCCCTCTGTG-3 0 ; Cht-1 (accession no. D16221) forward, 5 0 -AACATCATCAACGGCGGCGT-3 0 ; and reverse, 5 0 -GCTAGAACGAGCTATTAGGAGTT-3 0 ; PBZ1 (accession no. D38170) forward, 5 0 -ATGGACGCGTCCACTTTGCC-3 0 ; and reverse, 5 0 -ATGACTTGCGGCGTCG-CAC-3 0 ; Rice Actin 1 (accession no. AB047313) forward, 5 0 -TCCATCTTGGCATCTCTCAG-3 0 ; and reverse, 5 0 -TGGCTTAGCATTCTTGGGTC-3 0 . Results were analyzed using RQ study application ver. 1.1 (Applied Biosystems) using the comparative threshold cycle (CT) method normalized to Rice Actin 1 as an internal control. Each mRNA level is shown relative to mock treatment of suspension-cultured cells. The numbers in parentheses represent the standard deviations of the means (n ¼ 3).
defense response assay. Elicitor recognition causing a defense response required a specific receptor molecule corresponding to each elicitor molecule. It is possible that the transient expression of the receptor molecule allows recognition of the corresponding elicitor molecule. In Arabidopsis, flagellin perception occurs by recognition of the most conserved region in its amino terminus, represented by peptide flg22, 9) and perception of flg22 is controlled by LRR (leucine rich repeat)-type receptor kinase FLS2.
10) It has been reported, however, that rice showed no detectable response to flg22, 9) and we confirmed that suspension-cultured rice Oc cells did not respond to flg22 (R. Takai, unpublished results). Hence we tested the functionality of Arabidopsis FLS2 in rice using a transient defense response assay. The CaMV 35S promoter-driven FLS2 expression vector was co-transformed with OsWRKY70-luc and phRluc into rice protoplasts. Transformed cells were treated with flg22 for 6 h and assayed by dual luciferase assay. As shown in Fig. 2 , transient overexpression of Arabidopsis FLS2 conferred flg22 responsiveness on flg22-insensitive rice, which indicates that this method, using transiently expressed receptor protein, works well in rice protoplasts. Taken together with these results, we concluded that our transient assay system is suitable for analyzing the signal transduction of rice defense response.
In conclusion, we have established a transient defense response reporter assay using rice protoplasts derived from suspension-cultured cells. Recently, two groups reported a transient assay system using protoplasts derived from rice plant tissues that is useful for studying developmentally and organ-specifically regulated gene function. 11, 12) In combination with these papers, our assay system should improve the efficiency of gene function and signal transduction analysis in rice defense response. Protoplasts (4 Â 10 4 cells) were transformed with 5 mg of reporter luciferase plasmid, pOsWRKY70-luc, and 2 ng of control reporter plasmid, phRluc. Transformed protoplasts were treated with 500 nM flagellin purified from the N1141 and K1 strains, and 1 mg/ml chitin oligosaccharide (N-acetylchitoheptaose). After incubation for 6 h, protoplasts were harvested, and luciferase activities were measured using a Dual-Luciferase Reporter Assay System (Promega). The results are shown as the means of normalized relative luciferase activities from triplicate samples, including error bars. All transient experiments were repeated at least twice with similar results.
